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Abstract

Anthropogenic nutrient enrichment of the coastal zone is now a well-established fact. However, there is still
uncertainty about the mechanisms through which nutrient enrichment can disrupt biological communities and
ecosystem processes in the coastal zone. For example, while some estuaries exhibit classic symptoms of acute
eutrophication, including enhanced production of algal biomass, other nutrient-rich estuaries maintain low algal
biomass and primary production. This implies that large differences exist among coastal ecosystems in the rates
and patterns of nutrient assimilation and cycling. Part of this variability comes from differences among ecosystems
in the other resource that can limit algal growth and production — the light energy required for photosynthesis.
Complete understanding of the eutrophication process requires consideration of the interacting effects of light and
nutrients, including the role of light availability as a regulator of the expression of eutrophication. A simple index

of the relative strength of light and nutrient limitation of algal growth can be derived from models that describe
growth rate as a function of these resources. This index can then be used as one diagnostic to classify the sensitivity
of coastal ecosystems to the harmful effects of eutrophication. Here | illustrate the application of this diagnostic
with light and nutrient measurements made in three California estuaries and two Dutch estuaries.

Introduction erful empirical models of lake eutrophication. These
models describe algal biomass as a function of nu-
Nutrient enrichment of the coastal zone is now a well- trient loading normalized to lake basin morphometry
established fact. We know, for example, that nutrient and hydraulics (Dillon & Rigler, 1975; Vollenweider
loadings to the Baltic Sea, North Sea, Adriatic Sea, & Kerekes, 1980). They are based on the precepts
Gulf of Mexico, Chesapeake Bay, and San Francisco that phytoplankton biomass (as chlorophyll concentra-
Bay have increased this century, especially during the tion) is a meaningful indicator of lake trophic status,
rapid growth of population, agriculture and fertilizer and that phytoplankton biomass is regulated by the
production beginning in the 1950's (Nixon, 1995). nutrient (P) resource. Our collective study of coastal
Coastal eutrophication is a societal concern becauseeutrophication has not yet produced a model analog to
anthropogenic nutrient enrichment can stimulate al- describe the functional relation between phytoplank-
gal production and biomass accumulation, leading to ton biomass and nutrient loading, although we have
events of anoxia and large-scale mortalities of fish and followed the lead of our limnologist colleagues. For
shellfish (Rosenberg & Loo, 1988). example, Gowen et al. (1992) proposed an equation
The study of coastal eutrophication is young and to calculate the potential yield of phytoplankton bio-
lags by about two decades the effort of limnologists mass in coastal ecosystems as a function of nutrient
(Nixon, 1995), who produced a set of simple but pow- (N) loading. Most reviews of coastal eutrophication
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to suspect that one general loading-plot model of eu-
trophication might not succeed in the coastal zone.
Whereas a clear stimulation of phytoplankton pri-
mary production occurred in the Kattegat during the o7 | | | |
era of nutrient enrichment from the 1950's to the 0 2 4 6 8 1o
1980's (Richardson & Heilmann, 1995), other coastal Nitrogen Loading (mof N m ™=y )
ecosystems such as North San Francisco Bay have ex
perienced declines in phytoplankton production as nu-
trient enrichment proceeded (Alpine & Cloern, 1992).
Chlorophyll concentrations in Chesapeake Bay in-
creased significantly from the 1950s to 1970s when
DIN concentrations doubled (Harding, 1994); but
chlorophyll concentrations remained unchanged in the
Ythan River estuary (Scotland) from the early 1960’s
to 1990's, when N loading increased fourfold (Balls R
et al., 1995). Although Delaware Bay and Mobile Bay 10 ] | ] I
(USA) have comparable high rates of N and P loading, 0 1 Mean % hotic Degth ™ 4 5
these estuaries have distinctly different phytoplankton
biomass, primary production, and oxygen dynamics Figure 1. (a) Annual phytoplankton production versus nitrogen
L . loading to shallow coastal ecosystems; from Borum (1996). The
(Penn_OCk etal., 1994). Similarly, Vilaine Bay (France) fitted curve explains 36% of the variance in production. (b) Annual
experiences acute symptoms of eutrophication with al- phytoplankton production in estuaries versus mean photic depth (es-
ga| blooms, oxygen depletion, and fish kills (Chape”e timated as the depth of 1% surface irradiance); from Peterson et al.
et al., 1994), while the nearby Bay of Brest has been (1987)-
resistant to these symptoms even during the past two

decades of increased nutrient loading (Le Pape et al.,, propose a general rule for phytoplankton biomass
1996). _ _ o variability on a seasonal time scale’.

In his comparison of algal-nutrient dynamics in 40 Our failure to find a satisfying analog to the lake
estuaries, Monbet (1992) found very different rela- eytrophication model is probably a reflection of the
tions between algal biomass and nutrient (N) concen- extreme diversity of the physical-biogeochemical sys-
tration for tidally energetic and tidally weak systems;  tems represented by estuaries, tidal rivers, inlets, bays,
he concluded that macrotidal estuaries have an in- ghelf waters. and river plumes. Among these ecosys-
herent tolerance to nutrient enrichment. Although the (ems. Visser & Kamp-Nielsen (1996, p. 240) offer
evidence is .unequivocal that phytoplankton_ biomass ihe perspective that ‘eutrophication is not simply a
fsmd pr.oductlon are generally related tq nptrlent load- question of nutrient loading, but (that) the pathways
ing (Nixon, 1992), there are large deviations around through which nutrients impact on marine productivity
the empirical functions used to describe the algal re- 4.0 many and varied, being governed as much by phys-
sponse to nutrient input (Figure 1a). These deviations jca) as biological processes’. As we work to develop
imply that we might have great difficulty in finding  general tools to measure the susceptibility of coastal
a simple and robust tool to describe a general eu- ecosystems to the harmful effects of eutrophication,
trophication response in coastal waters, or to clas_snfy we need to consider all the physical processes that
_coastal ecosystems with respect to their susceptibil- ;onstrain the phytoplankton response to nutrient en-
ity to eutroph‘|cat|on. Le Pape et al. (1996, p. 1886) richment. For example, the transformation of nutrient
suggest that ‘Many coastal and estuarine ecosystemsgjements into algal biomass requires solar radiation

are collecting high nutrient loading, but they respond 55 the energy source to drive photosynthesis, so the
differently to such inputs and it is almost impossible

include attempts to find a general empirical relation 600
between algal biomass or production and nutrient con- §
centration or loading (e.g. Boynton et al., 1982; Nixon, g
1992; Borum, 1996). £ 4
The lake eutrophication models are appealing be- g %
cause of their simplicity, but we are now beginning % 9
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expression of eutrophication can be constrained by the index of resource limitation, and then illustrate its ap-
set of physical processes that govern the availability of plication with measurements made in estuaries of the
sunlight energy to the phytoplankton. This constraint Netherlands and California.
is powerful in turbid coastal systems such as San
Francisco Bay (Cloern, 1987), Ems-Dollard estuary
(Colijn, 1984), Schelde estuary (Kromkamp & Peene, A phytoplankton growth-rate model
1995), and the Mississippi River plume (Lohrenz et
al., 1990) where photic zones are shallow, fluctuations The analyses presented here begin with a model of
in primary productivity are highly correlated with light ~ Phytoplankton population growth:
availability, and where nutrient concentrations are per- LB )
sistently high because the light limitation of photosyn- = PECHEC) —r, @)
thesis also limits the capacity of the phytoplankton to where, is the specific growth rate (@), P2 is daily
assimilate and transform dissolved nutrients into new carbon assimilation rate per unit chlorophyll [mg C
algal biomass. Among some coastal ecosystems, light(mg Chl a-d)~], Chl:C is the ratio of phytoplank-
availability appears to be an equally good predictor ton chlorophyll to carbon biomass (g4, and r is
of phytoplankton primary production as nutrient load-  respiratory loss (d'). This equation describes algal
ing (Figure 1b). Therefore, management strategies to population growth as the product of the carbon assim-
protect coastal ecosystems from acute responses to eujjation rate P2 (a function of photosynthetic efficiency
trophication should be developed around the concept ang light availability) and the ratio Chl:C (a func-
that algal population growth and production can be tijon of temperature, photo-adaptation, and nutrient
limited by other resources (and processes) in addition ayaijlability). Therefore, the model includes functional
to nutrient loading. responses of population growth to both the light and
Our slowness at developing a general model of npytrient resources required for the synthesis of new
phytoplanktonresource limitation comes, in part, from ajgal biomass. | assume here that the critical nutri-
the absence of a simple assay for measuring light ent is nitrogen (e.g. Smetacek et al., 1991; de Jonge
limitation of phytoplankton in nature. Considerable gt g|,, 1995: Wetsteyn & Kromkamp, 1994; Oviatt
effort has been directed to assess nutrient limitation gt gJ_, 1995), but the analysis can be extended to
with mesocosm experiments (Riemann et al., 1988; consideration of limitation by other elements. Other
Oviatt et al., 1995; Escaravage et al., 1996), bioas- gpproaches have been used to model algal growth, but
says (Granéli, 1987), and measures of algal elementalthe model used here includes an interactive response
composition (Paasche & Erga, 1988) or nutrient ra- tg |ight and nutrient availability such that algal growth
tios (Bauerfeind et al., 1990; Fisher et al., 1992). efficiency in low-light environments is enhanced by
A much smaller effort has been directed to compare nutrient enrichment (Cloern et al., 1995); this inter-
light and nutrients as limiting resources, although re- active effect is not included in models that describe
cent deVElOpmentS have included use of Steady'stategrowth rate as the product or minimum of Separate
models of phytoplankton biomass (Carignan & Plenas, |ight- and nutrient-limitation functions.
1994), dynamic models of estuarine eutrophication  |mplementation of equation 1 requires functional
(DeGroodt & de Jonge, 1990; Madden & Kemp, descriptions of the three components of growth: the
1996), and simple scaling of the light and P re- photosynthetic rate®, the Chl:C ratio, and the res-
source in lakes against the phytoplankton demands piration rater. Cloern et al. (1995) fit Equation (1) by
(Millard et al., 1996), as approaches to distinguish |east squares to 145 measurements of growth rate and
conditions of ||ght and nutrient limitation. Pennock photosynthesis from pub“shed experiments with a|ga|

& Sharp (1994) combined the light-limitation model  cyjtures, giving estimates of the respiration loss:
of Wofsy (1983) with nutrient bioassays to infer large

spatial and seasonal variations in the relative strength = 0.85P%(Chl:C) — 0.015 (2)
of light and nutrient limitation in Delaware Bay. Are
there other approaches we can follow to assess the
resource limitation of algal growth, and can these
approaches be used to classify the susceptibility of
coastal ecosystems to the stimulation of algal produc-
tion in response to eutrophication? Here | suggest one Pf.z = pBl1—exp(—1, ,a/pP)). ()

The daily carbon assimilation rate® can be cal-
culated from the diel- and depth-variations of sun-
light, and parameters of the photosynthesis-irradiance
function (e.g. Platt et al., 1990):
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Figure 2. Contours of calculated phytoplankton growth rate (from Equations (2) and (5)) as a function of mean daily light eXp@sure ;)
and concentration of limiting nutried’ (= N/K y). The contours were produced by interpolation (kriging) of growth rates calculated at 7750
combinations off” and N’ between 0 and 6.250-15 mol quanta m? d—1 and 0-15.M DIN, respectively).
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Figure 3. Phytoplankton resource-limitation map as contours of R, the ratio of growth-rate sensitivity to light and nutrients. Large values of
R (>10) are resource combinations where growth rate is strongly limited by light availability; small valles<6f1) are regions of strong

nutrient limitation. The lineR = 1 defines the combinations &f and N’ for which growth rate is equally limited by light and nutrient
resources. This map was produced from interpolation of calculated val&gEgjfuations (6) and (7)) at 7750 combinations bandN'.
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Here, pZ‘f, is the instantaneous rate of photosynthesis
per unit chlorophyll at depth z and time I ; is the
instantaneous irradiance (PARmMol quanta m?2s1)

at depthz, p2 the light-saturated assimilation rate,
ando defines photosynthetic efficiency at low irradi-
ance. The diel component of light variability can be
described as a sin function of photoperiod and irradi-
ance at solar noon (Platt et al., 1990), while the depth
variation of irradiance can be described as an expo-
nential decay with the attenuation coefficient k. Then
the daily, depth-averaged carbon assimilation rate in a
uniform water column (or mixed layer) of thickness H
is:

24 H
PP = [ [ ot dzar
00

24 H

— (1/H) / / pBIL— exp(— L. e/ pB) dz 1.
00
@)

Platt et al. (1991) give a series approximation to this
integral that can be easily incorporated into a computer
program for calculating??.

The ratio Chl:C can be estimated with an empiri-
cal function fit to published measures of chlorophyll
and carbon content of phytoplankton grown under a
wide range of light- and nutrient-limiting conditions
(Cloern et al., 1995):

Chl:C = 0.003+ 0.0154exp0.0507)]

[exp(—0.059D][N/(Ky + N)],  (5)

T is temperature {C), | is mean daily irradiance av-
eraged over depthl [= (Ip/kH)(1 — exp{—kH}),
where I is daily surface irradiance as mol quanta
m~2 d~1], N is concentration of the limiting nutrient,
andK y is the half-saturation constant for algal growth
limited by that element.

Equations (2)—(5) can be used to estimate the
growth rate of a phytoplankton population when the
following quantities are known or specified: water
column heightH, daily surface irradiancéy, light
attenuation coefficierk, temperaturd, nutrient con-
centrationN, photosynthetic parametets and p3,
and the half-saturation constakity. Although each
of these quantities influences algal growth rate, the
focus here is on the relative importance of light and
nutrients as resources that can limit growth. | used
Equations (2)—(5) to calculate growth rates across a

matrix of light and nutrient availability, but with fixed
values for the other quantitiest 10 m; k
04 m% T = 15°C; pB 7.8 [g C (g Chla-
h)~1]; « = 0.03 [mg C (mg Chla-h)~1 (umol quanta
m~—2 s 1)~1; and Ky = 1.5uM dissolved inorganic
nitrogen, DIN. Equations (2)—(5) were solved for 7750
different combinations of light and nutrient availabil-
ity, ranging from/ = 0 to 15 mol quanta m? d—!
andN from 0 to 15uM. These results define algal
growth rate within the light-nutrient space shown in
Figure 2, where the two resources have been nondi-
mensionalized for comparison. The light resoufte

is daily light exposurd divided by K;, the dalily ir-
radiance at which growth rate is half the maximum
(K; = 2.4 mol quanta m? d~1 whenN = Ky). The
nutrient resourcéV’ is nutrient concentration divided
by Kx (N’ = DIN/Ky). This figure shows that algal
growth rates are small (or negative) near the axes, and
they progressively increase away from the origin as
light and nutrient resources increase. For this defined
set of conditions, the maximum growth rate is about
0.7 d™1, corresponding to a population doubling time
of one day.

An index of sensitivity to light and nutrients

Although the specific response of algal growth to light
and nutrients depends on all the quantities that influ-
ence growth rate, the pattern of responses shown in
Figure 2 is general. This general response can be used
to estimate the relative sensitivity of algal growth to
incremental changes in light energy and nutrient con-
centration. The shading patterns in Figure 2 depict
gradients of the growth rate response to light and nu-
trients; regions of sharp gradients represent regions of
high sensitivity to changing resources. Shading gradi-
ents along the x-axis are derivatives,ofvith respect

to I’ (0u/01’), and these measure the sensitivity to
light. Gradients along the y-axis are derivatives of
w with respect toN’(du/9N’), and these measure
sensitivity to nutrients. The ratio of the two deriva-
tives,R = (du/01')/(@n/dN’), is an index that tells
whether phytoplankton growth rate is more sensitive
to changes in lightg > 1) or nutrients R < 1).

The growth-rate equation used here cannot be
differentiated explicitly, but the partial derivatives
du/0l’ and du/dN’ can be evaluated numerically
with finite difference approximations. | used the five-
point formula (Hildebrand, 1974, p. 111) to calculate:



dpo/d1" = (u—2 — 8u—1+ 8y
— n+2)/ (121", (6)

whered /91’ is the derivative of growth rate with
respect to light for a particular combination Bfand
N’; u_1 is the growth rate calculated for the same
value of N’ but a small § = 0.0025) decrement in
I’ (i.e., growth rate at irradianc® — h1’); u—2 is the
growth rate at irradianc€ — 2h1’; w1 is the growth
rate calculated for a small incrementlin(at I’ +h1');
and 42 is the growth rate at irradiancE + 2hl’.
Similarly, we can evaluate:

dpo/ON" = (-2 — 8u—1+ 8u41
—p+42)/(12hN"), (7)

where 1 is now the growth rate calculated for a
small (: = 0.0025) decrement in the nutrient resource
N, etc.

With this procedure | calculatelgug/91, do/dN’,
and their ratiosR at each of the 7750 combinations
of I’ and N’ used to calculate the growth rates in
Figure 2. Over this range of and N’, the ratioR
varies by eight orders of magnitude, so results are
displayed in Figure 3 as logarithms & The dark
shadings in the upper left represent large valueR, of
regions where the sensitivity of growth rate to light is
greater than the sensitivity to nutrients. Lighter shad-
ings toward the lower right are regions BfN’ space
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we can make judgements about the sensitivity of that
ecosystem to change in nutrient concentration. For ex-
ample, if all measured’—N’ pairs from one estuary
fall in the domain of strong light limitation, then we
can infer that nutrient enrichment will be unlikely to
stimulate the growth rate (and biomass) of phytoplank-
ton. Perhaps more importantly from a management
perspective, we can also infer from these distributions
the magnitude of nutrient reduction that would be re-
quired to reduce algal growth rates. The resource map
can be used to help develop a management target.
Before implementing Figure 3 as a tool for explor-
ing algal-nutrient dynamics, we should first examine
the sensitivity of this resource-limitation map to all
the quantities that influence algal growth. In particular,
we must determine whether the partition line between
the domains of light and nutrient limitation (the line
R = 1) is fixed, or whether its location is sensitive
to changes in the biologicapf, o, Ky) or physical
parametersT) that influence algal growth rate. | did
this by recalculating the grid d® values after making
incremental changes in the vaIuesTofp,ﬁ, o, orKy
individually, and then comparing the new locations
of the partition lineR = 1 with the location shown
in the reference plot of Figure 3. For example, Fig-
ure 4a shows locations of the demarcation llhe- 1
when growth rates were calculated for = 5°C
(bottom line) andT 25°C (top line), compared
to the middle reference location f@t = 15°C. Al-

where algal growth is more limited by nutrients than though phytoplankton growth rate varies exponentially
light. These two domains are separated by the middle With temperature (Equations (2) and (5)), the rela-
solid line, where both resources are equally important tive sensitivity of growth rate to incremental changes

(R 1). The upper line R = 10) shows the do-
main where light limitation is ten times stronger than
nutrient limitation; the lower line R = 0.1) shows
the domain where sensitivity to nutrients is ten times
greater than the sensitivity to light.

Results summarized in Figure 3 provide a tool
for assessing the relative importance of light energy
and nutrients as the two resources that can limit algal
growth. We can separate this—N’ space into five
(somewhat arbitrary) domains: strong nutrient limi-
tation, whereR < 0.1; nutrient limitation (1 >
R > 0.1); exact colimitation g = 1); light lim-
itation (10 > R > 1); and strong light limitation
(R > 10). From measurements of lighit and nu-
trient N’ availability in an estuary, we can use this

in light (3u/081’) and nutrients {u/dN’) does not
change much with temperature. This suggests that the
resource-limitation map of Figure 3 is robust with
respect to environmental temperature variability.
Similar calculations were done to compare
resource-limitation maps for different values of the
half-saturation constark y (Figure 4b). This analysis
shows that location of the partition lin® (= 1) is sen-
sitive to the value oK chosen to describe nutrient
limitation of algal growth rate. This sensitivity grows
as irradiancd’ increases; at the highest light availabil-
ity used, the deviation (intercept on the righaxis)
was+30% between calculations done & = 3uM
compared to calculations for the reference condition
Ky = 15uM. The partition line deviated-27%

resource map to make judgements about the re|ati\/ef|’0m the reference pOSitiOﬂ for calculations done with

strength of light and nutrient limitation at a particular
time and location. By examining the distribution of
many measurements 6fandN’ from one ecosystem,

Ky = 0.75uM. The same sensitivity analysis was
done to determine shifts of the linfé = 1 for growth
rates calculated with different valuesgff (Figure 4c)
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Figure 4. Resource-limitation maps (as in Figure 3) for discrete changes in the model parameters that define phytoplankton growth as a function
of light and nutrients. In each case, the solid middle liRe= 1) shows the demarcation between domains of light and nutrient limitation for

the standard parameter set. Lines above and below show shifts in the location of this demarcation line after incremental increases and decreases
in (a) temperature, (b) the half-saturation const&Rt, (c) the maximum assimilation ra(@,ﬁ, and (d) efficiency of photosynthesis at low
irradiancex.

anda (Figure 4d). Again, a twofold increase or de- waters. For example, in San Francisco Bay water tem-
crease of these biological parameters caused a shiftperature ranges from about® to 24°C; I rarely
in the location of the partition linR = 1, this shift exceeds 10 mol quantaThd? (i.e.,, I’ < 4.17);
was most pronounced at high. Therefore, the ex-  and virtually all measurements pf anda fall within
act partitioning of the resource map into light- and the ranges g2 = 3.9 — 156; « = 0.015— 0.06)
nutrient-limited domains does vary with?, «, and used here. This range encompasses most of the vari-
Ky. However, these deviations are all within the ability of p2 ande measured in other estuaries, such
bounds between the lineB = 10 andR = 0.1 of as the Oosterschelde (Wetsteyn & Kromkamp, 1994)
the resource-limitation map of Figure 3. This sensi- and Westerschelde (Kromkamp & Peene, 1995). Most
tivity analysis shows that there is some uncertainty descriptions of nutrient-limited algal growth in the
about the exact position of the boundary line between coastal zone specify values @&fy within the range
light and nutrient limitation of phytoplankton growth. 0.75-3.0uM DIN used here (e.g. Chapelle et al.,
This boundary shifts with changes in the physiological 1994; Prins et al., 1995). Therefore, across the wide
state of the phytoplanktorpf, «, and Ky), so the range of environments and algal physiological vari-
domain 01 < R < 10 can be considered a region of ability expressed within estuarine-coastal ecosystems,
potential colimitation by light and nutrients. However, the domains of strong nutrient and light limitation
there is no uncertainty about which resource is limiting shown in Figure 3 appear to be robust criteria for
when measured values dfand N’ fall above the line defining the most limiting resource for phytoplankton
R = 10 (definitive light limitation) or below the line  growth.
R = 0.1 (definitive nutrient limitation).

This sensitivity analysis was designed to encom-
pass the range of physiological and environmental
variability expected in temperate estuaries and coastal
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Application of the index to measure ecosystem NORTH SAN FRANCISCO BAY
sensitivity to nutrient enrichment

The resource map of Figure 3 provides a simple means
of assessing the growth constraints on phytoplankton
from measurements of mean irradiance and nutrient .
concentration. This index can be used to compare the =
sensitivity of individual estuaries to changes in nutri-
ent concentration. As an example, | apply this index
with measurements made in five well-studied estuaries
for which the question of resource-limitation has been
explored in depth: three estuaries on the Pacific coast:
of the U.S. (latitude 37N) and two estuaries on the
Dutch North Sea (latitude 52N).

ient Resource

Nutr

North San Francisco Bay

The northern reach of San Francisco Bay (Califor- - - : . .

. . 1 2 3 4 5
nia, USA) is the estuary of the Sacramento and San . ,

) . . . Light Resource |
Joaquin Rivers. The upper estuary (Suisun Bay) is
highly influenced by river flows that deliver nutri- Figure 5. The light and nutrient resources for phytoplankton growth
. . in the upper reach of North San Francisco Bay, from measurements

gnts "fmd sediments. Suspended Sjed|m(_ant concentragmade approximately monthly, January 1992 through November
tions in the surface waters are typically in the range 1993, at a deep station (USGS station 6, Suisun Bay). Diamonds
30-100 mg T1, and the mean light attenuation coeffi- show positions of light and nutrient measurements on the resource

: . . limitation map; numbers above indicate the month of sample col-
cient in the channel is 4.7 (Cloem etal, 1985)’ lection. Daily irradiance (ag’) was calculated from the extinction

corresponding to a photic depth of only about one me- coefficient k, mean water depttH( = 10 m), and daily surface
ter. Nutrient concentrations are high: DIN usualy irradiance. Nutrient concentratioN’ is the total concentration of

30 1M, dissolved inorganic phOSphOI’US D#P4 uM dissolved inorganic nitrogen in surface samples, normalizeki py

Ny . . ' Values of N’ off the map indicate measurements whare> 6.25
and dissolved silicate DS+ 100 «M (Hager, 1994). 5,y "15 ,\). Data from Wienke et al. (1993), Hager (1994), and
However, phytoplankton biomass is persistently low, caffrey et al. (1994).
with chlorophylla < 5 ug 171, This low-chlorophyll
high-nutrient condition is the combined result of light

limitation of algal growth (Alpine & Cloern, 1988) and persistent strong Iight. limitation and small rates qf
rapid grazing by bivalve molluscs (Alpine & Cloern, phytoplankton population growth (see Figure 2). This
1992). distribution of measurements exemplifies a coastal

ecosystem in which high suspended sediment con-
centration strongly attenuates the light resource and

trient measurements made monthly at one location COnstrains the phytoplankton growth rate. Although
(Figure 5). First, daily irradiancé was calculated ~ Mighly enriched with N, P, and Si, this estuary does
as [(Iy/kH)(1 — exp{—kH})], where I, is the 3- not exhlblt symptoms of_eutrophlcatlon. In fat_:t, an-
day mean surface irradiance (mol quanta?nd—1) nual primary production is only 20 g CTA (Alpine _
centered around the sampling dakeis the attenu- & Cloern, 1_992), among the lowest rates of production
ation coefficient, and is water depth at mean tide Measured in coastal waters.

level. Then, these values were converted to the nondi-
mensional forml’ (= I/K;). The nutrient resource

was indexed as total DIN concentratioN (= the e goythern basin of San Francisco Bay is influ-

sum of ammonium, nitrate, and nitrite concentra- o a4 py riverine inputs only during episodes of high

tions), and then converted to the nondimensional form discharge, so the suspended sediment concentration
/ _ . . . 1

N' (= N/Ky). With the lone exception in June, mjdity) is usually lower than in the North Bay and

all the measurements cluster in the upper left corner jj s jimitation of algal growth is less severe (Alpine
of the resource-limitation map (Figure 5), implying ¢ Cloern, 1988). The South Bay is also enriched

o+

The index of algal resource limitation in North
San Francisco Bay is illustrated with light and nu-

South San Francisco Bay
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with N and P, but here the nutrient source is dom-
inated by municipal wastewater (Hager & Schemel, SOUTH SAN FRANCISCO BAY
1996). Algal-nutrient dynamics are characterized by OB OO 00

VO VT\W

autumn-winter periods of low phytoplankton biomass
(chlorophylla ~ 1-3 ug 1=1) and high nutrient con-
centrations (DIN~ 50-100uM; DIP ~ 5-20 uM;

DSi ~ 80-160 M), followed by a spring phyto-
plankton bloom when chlorophyd reaches peaks of
50-70ug I~ and DIN becomes nearly depleted (Clo-
ern, 1996). Light and nutrient measurements from two
annual cycles of sampling at one central site (Fig-
ure 6) show a more variable distribution of resources
than in the North Bay. Here, some observed combina-
tions of I’ and N’ support high phytoplankton growth
rates; nutrient limitation does not occur from summer
through winter, but is stronger than light limitation
during the bloom peak in March or April, when DIN
becomes depleted. As the spring bloom ends and DIN

Nutrient Resource N'

concentrations increase again in summer, the estuary 7 O ‘ . .
quickly reverts back to the condition of strong light 1 2 3 4 5 6
limitation. South San Francisco Bay is an example of Light Resource I

a coastal ecosystem in which phytoplankton growth is rigyre 6. The light and nutrient resources for phytoplankton growth
usually limited by light availability but is episodically  in South San Francisco Bay, from measurements made between Jan-

limited by nutrients. This implies that further nutrient uary 1992 anq November 1993, at a deep station (USGS station 27).
enrichment might not affect algal growth in summer- Data from Wienke et al. (1993), Hager (1994), and Caffrey et al.

1994).
autumn, but it could stimulate larger spring blooms (1999
than are currently observed.
Tomales Bay TOMALES BAY
— 09

A different combination of growth resources is seenin 61
Tomales Bay, a relatively pristine estuary just north of
San Francisco Bay. This estuary has a sparsely popu-
lated watershed, smaller nutrient loadings, and lower
concentrations of suspended sediments than San Fran
cisco Bay. Measurements from one annual cycle at a
central site show that light availability to phytoplank-
ton is always higher in Tomales Bay (Figure 7) than
in North San Francisco Bay (Figure 5), but that winter
stocks of DIN & 10-20uM) are much smaller. In
winter, light limitation is stronger than nutrient limi-
tation. However as algal biomass increases and DIN
becomes depleted in spring and summer, algal growth
rates are chronically limited by nitrogen availability. In ;
this estuary, strong nutrient limitation can occur during (4,00&0
the months March through August (Figure 7). Tomales Y 3 v 3 ;1 z &
Bay exemplifies coastal ecosystems in which phyto- Light Resource I

plankton growth is frequently limited by nutrients — , _

a situation that implies high sensitivity to changes in i';'gg;en;ém% :Ir?;; ché lej.trll‘ergtn:efnoéjr:frﬁf/ fcr:: g;g:?gﬁgrlizgnbger&vgzn
nutrient loading. March 1985 and May 1986 (station 8). Data from Cole et al. (1990).

Nutrient Resource N'
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Dutch estuaries

. WESTERSCHELDE
The three cases above show how adjacent coastal OO

ecosystems can exhibit large differences in their
sensitivity to nutrient enrichment, depending upon
the physical-hydrologic features which regulate light
availability to the phytoplankton. Seasonal measure- 5
ments from two adjacent estuaries in the southern
Netherlands exhibit comparable differences in re-
source limitation. The Westerschelde is highly en-
riched with N and P, and measurements of light and
DIN during 1991 show a pattern of resource limi-
tation (Figure 8) very similar to that in North San
Francisco Bay. Although phytoplankton biomass in
this estuary fluctuates, with chlorophglbetween<1

and >20 ug 171, the DIN concentration is always
above 30uM (at Vlissingen, and higher at landward
sites (Kromkamp & Peene, 1995)) and light limita-
tion is always stronger than nutrient limitation. The
resource index classifies the Westerschelde as a coaste
system that is insensitive to fluctuations in nutrient
concentration. On the other hand, measurements in_Figure 8. The light and nutrient resources fqr phytoplankton growth
the eastern Oosterschelde (Figure 9) show resourcely e Aestrscielie. tor monty orser mombly mesueponts
distributions similar to Tomales Bay, with light limi-  romkamp.
tation in winter but progressive shift to strong nutrient

limitation from May/June through September. Again,

two nearby estuaries show very different patterns of

resource limitation of algal growth.

Nutrient Resource N'

T T T

1 2 3 4 5 6
Light Resource I'

OOSTERSCHELDE

A classification of resource limitation 6

Seasonal distributions of light and nutrient limitation
(e.g. Figures 5-9) can be used to compare the poten- 5
tial sensitivity of individual ecosystems to variability
of nutrient loading from anthropogenic enrichment
or natural processes. One simple index is the fre-
guency distribution of the measurements that show
strong light limitation, strong nutrient limitation, or
potential co-limitation. Figure 10 is an example, which
summarizes these distributions for the five estuaries
considered above. North San Francisco Bay and the
Westerschelde never exhibit nutrient limitation; these
estuaries could be classified as the least sensitive tonu- | >
trient variability, and the least susceptible to harmful g
algal blooms because phytoplankton growth is always 2 %\
constrained by the light resource. South San Francisco i 5 v 3 Vi 5
Bay is nutrient-limited only about 15% of the time;

this estuary does not exhibit acute symptoms of eu- Fiaure 9. The light and nutrient or ohvtoplankt "
L . igure 9. The light and nutrient resources for phytoplankton grow!
trOphlcatlon now, but the resource index suggests that in the eastern Oosterschelde, from monthly or semi-monthly mea-

it might have larger spring blooms in response to fur- surements at station LG-PK, January through December 1991. Data
ther enrichment. The Oosterschelde, and especially provided by J. Kromkamp.
Tomales Bay, are often nutrient limited (Figure 10);

Nutrient Resource N'

o+

Light Resource ['
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North San Francisco Bay 0%

Nutrient
Colimitation
Light

T T T T T

Westerschelde 0%
Nutrient
Colimitation
Light

1 T T T T

South San Francisco Bay 15%
Nutrient
Colimitation
Light

1 T T T T

Qosterschelde 45%
Nutrient
Colimitation
Light

1 T T T T

Tomales Bay 59%
Nutrient
Colimitation
Light

¥ T T T T
") 100

Frequencey of Occurrence (%)

o
(=]

Figure 10. Frequency distributions of resource combinations that
show definitive nutrient limitation (top bars), potential co-limitation
by light or nutrients (middle bars), and definitive light limitation
(bottom bars) for five estuaries. These distributions summarize the
results of the resource-limitation index shown in Figures 5-9. Num-

itoring/research programs. As shown above, these
resource assessments can be used as a basis for estu-
arine comparisons. They could also be used to help
guide management plans for individual estuaries and
their watersheds. For example, management strategies
to protect water quality should give high priority to
actions that would control nutrient loadings to the es-
tuaries classified as nutrient-sensitive, such as Tomales
Bay. On the other hand, management strategies might
give stronger consideration to other stressors (e.g.
toxic contaminants, habitat loss, exotic species) in
those estuaries classified as nutrient-insensitive, such
as North San Francisco Bay. The index of nutrient
sensitivity described here can be used as one step in
the process of prioritizing management concerns about
nutrient enrichment relative to these other stressors.

Limitations to the approach

The index developed here is appealing for its sim-
plicity, but simple models should be applied with
caution and explicit recognition of their limitations.
For example:

— This index measures only one response to nu-
trient enrichment — the stimulation of phytoplankton
populationgrowth rate. Stimulation of growth rate
does not necessarily imply stimulation of biomass
accumulation, especially in estuaries with short resi-
dence times (e.g. Balls et al., 1995; Le Pape et al.,
1996) or strong grazing control of algal population de-
velopment (e.g. Cloern, 1982; Herman & Scholten,
1990). The next level of complexity in the devel-
opment of this index should include the effects of

bers above each panel give the percentage of observations showingtransports and top-down controls on phytoplankton

definitive or potential nutrient limitation; these indicate the sensitiv-
ity of each estuary to change in nutrient concentration. Estuaries at

the top are least sensitive to nutrient change; estuaries at the bottom

are most sensitive.

these estuaries could be classified as highly sensitive to

variability in nutrient loading and most susceptible to
the effects of further nutrient enrichment, because they
provide a light climate that does not severely constrain
algal growth.

The frequency distributions of resource limitation
(Figure 10) provide an index for measuring the suscep-
tibility of individual ecosystems to one of the harmful
effects of eutrophication — overproduction of phyto-
plankton biomass. These assessments can be don
with the routine measurements of turbidity, light,
and nutrient concentrations included in many mon-

biomass.

— This index gives no information about estuarine
susceptibility to other manifestations of eutrophica-
tion, such as shifts in nutrient ratios that favor devel-
opment of harmful species (Cadée & Hegeman, 1986;
Radach & Hagmeier, 1990; Smetacek et al., 1991;
Escaravage et al., 1996), or stimulation of macroal-
gal growth (Balls et al., 1995) or epiphyte growth on
vascular plants (Madden & Kemp, 1996).

— Application of the index requires careful con-
sideration of the large spatial gradients and temporal
variability of light and nutrient resources that are char-
acteristic of estuaries. The index provides meaningful
information only if it is applied to data sets which rep-

Fesent the full spectrum of variability in the light and

nutrient resources within individual estuaries. Careful
application also requires consideration of the spatial
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domain of concern, because the harmful effects of en- Cloern JE, Cole BE, Wong RLJ and Alpine AE (1985) Temporal dy-
richment can be spatially disconnected from the point  namics of estuarine phytoplankton: a case study of San Francisco

: : : Bay. Hydrobiologia 129: 153-176
of nutrient delivery to the coastal zone (Rabalais etal., Cloern JE (1987) Turbidity as a control on phytoplankton biomass

1996)- and productivity in estuaries. Cont Shelf Res 7: 1367-1382
With these caveats in mind, the index described Cloern JE, Grenz G and Vidergar-Lucas L (1995) An empirical

here can be used as one diagnostic among the bat- model of the phytoplankton chlorophyll:carbon ratio — the con-
. version factor between productivity and growth rate. Limnol
tery of tqol; being developed to assess and control the Oceanogr 40: 1313-1321
eutrophication threat to coastal ecosystems. Cloern JE (1996) Phytoplankton bloom dynamics in coastal ecosys-
tems: A review with some general lessons from sustained inves-
tigation of San Francisco Bay, California. Rev Geophysics 34:
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